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We demonstrate that a gas of wrapped branes in the early Universe can help resolve the cosmo-
logical Dine-Seiberg/Brustein-Steinhardt overshoot problem in the context of moduli stabilization
with steep potentials in string theory. Starting from this mechanism, we propose a cosmological
model with a natural setting in the context of an early phase dominated by brane and string gases.
The Universe inflates at early times due to the presence of a wrapped two brane (domain wall)
gas and all moduli are stabilized. A natural graceful exit from the inflationary regime is achieved.
However, the basic model suffers from a generalized domain wall/reheating problem and cannot
generate a scale invariant spectrum of fluctuations without additional physics. Several suggestions
are presented to address these issues.
PACS numbers: 11.25.-w, 98.80.Cq.
I. INTRODUCTION
The problem of stabilizing string moduli (for example,
the compactification volume) is a non-trivial one. This
problem is exemplified in the famous paper of Dine and
Seiberg [1]. In the perturbative region of moduli space,
the Ka¨hler potential for a modulus field φ typically van-
ishes or approaches a finite constant value in the φ→∞
limit. If the field φ is the volume modulus, this corre-
sponds to decompactification of the extra dimensions. In
a time-dependent, cosmological setting, this problem is
known as the Brustein-Steinhardt problem [2]. Depend-
ing on the initial conditions, the field φ can acquire a
large amount of kinetic energy and can easily overshoot
any local minima in the potential, causing new dimen-
sions of space to open up. Hence, in order to create a
phenomenologically acceptable cosmology, it is necessary
to provide a mechanism to lower the field gently into a lo-
cal minimum of the potential, in which it can remain for
an observationally acceptable length of time (i.e., longer
than the Hubble time H−1).
In this paper, we provide such a mechanism within the
context of a cosmology sourced by a gas of brane wind-
ing modes. Such an initial state is common to the Brane
Gas picture of string cosmology, developed in [3, 4]. In
particular, we make use of the fact that the energy den-
sity in branes winding around compact dimensions red-
shifts more slowly than the kinetic energy of a typical
Ka¨hler (volume) modulus. Friction, generated by cosmic
expansion, causes the modulus kinetic energy to dissipate
rapidly [5, 6]. A period of brane domination then helps
the field to settle into a local minimum of the potential.
Our example appears to be a simple realization of a gen-
eral phenomenon discussed in [7, 8] and more recently
in [9].
Our specific example involves a three dimensional ex-
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panding Universe with energy density composed primar-
ily of modulus energy, and that of string and mem-
brane winding modes. However, the mechanism is quite
generic and may be applied to a large number of situa-
tions; for example, when a hierarchy in the sizes of extra-
dimensions is present [41]. We argue that this mechanism
may be useful in formulating a Brane Gas Cosmology on
phenomenologically realistic compactification manifolds
of non-trivial holonomy, such as Calabi-Yau spaces.
An intriguing cosmological scenario naturally arises
within our basic setup. If wrapped co-dimension-one
branes are present in the early Universe, they will quickly
come to dominate cosmological dynamics. In the 3 + 1
dimensional expanding spacetime, these branes manifest
themselves as domain walls and lead to a period of cos-
mic inflation [10]. The inflationary period has a natural
graceful exit mechanism and can last long enough to solve
the horizon and flatness problems of the standard Big-
Bang model, provided that the ratio of the string scale
to the fundamental scale is sufficiently large.
While this is attractive, we should point out that our
scenario suffers from a domain wall problem, and is not
capable, at present, of explaining the observed density
fluctuations and microwave anisotropies, since the spec-
tral index deviates significantly from the scale invariant
one, ns = 1. We speculate on possible solutions to these
problems in our conclusions.
II. STRING THEORY BACKGROUND
In phenomenologically realistic string inspired models,
the effective theory below the Planck scale is typically
described by a weakly-coupled, four-dimensional, N = 1
supergravity theory. The effective action is, therefore,
Ka¨hler invariant and described by a real Ka¨hler potential
K(φi), and a holomorphic superpotential W (φi), with
Lagrangian density
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FIG. 1: A plot of the potential (2.4) with values a = .1,
A = 1, W0 = −10
−4 and D = 3× 10−9 in units of MPl. The
potential has been magnified by 5× 10−10.
L =
∑
i,j
1
2
Kφi,φ¯j∇φi∇φ¯j
− eK

∑
i,j
Kφi,φ¯j (DφiW )(Dφ¯jW )
† − 3 |W |2

 .(2.1)
where the sum is over complex-valued, chiral superfields
φi, and Dφi = ∂φi − ∂φiK. Focusing on the case when
all but one of the moduli (say φ = σ) are fixed (as in the
model of Kachru, Kallosh, Linde and Trivedi (KKLT)
[12], the potential
V = eK

∑
i,j
Ki,j¯(DiW )(Dj¯W )− 3 |W |2

 , (2.2)
has a superpotential of the form
W (σ) =W0 +Ae
−aσ , (2.3)
where W0 is a tree-level contribution arising from fluxes
and σ is the single free, light modulus field. Evaluat-
ing the Ka¨hler potential, and using (2.3) the potential
becomes
V (σ) =
aAe−aσ
2σ2
[
Ae−aσ
(
1
3
aσ + 1
)
+W0
]
+
D
σ3
. (2.4)
We plot this potential in Fig. (1).
III. THE COSMOLOGY OF WRAPPED BRANE
GASES
We are interested in studying the cosmology of a Uni-
verse filled with a gas of wrapped p-branes and the energy
of a single modulus field σ. Using the Dirac-Born-Infeld
action [13], one can derive the equation of state for a
p-brane gas in a universe with d spatial dimensions, ob-
taining
Pp =
[
p+ 1
d
v2 − p
d
]
ρp , (3.5)
where Pp is the pressure of the gas and ρp is the energy
density. In the relativistic limit, the branes behave as
ordinary relativistic matter, with equation of state Pp ≃
ρp/d. However, in the non-relativistic limit (wrapped
branes with |v| << 1) the equation of state becomes
Pp ≃ (−p/d)ρp.
We take as our ansatz a flat (k = 0), d + 1-
dimensional, Friedmann-Robertson-Walker (FRW) uni-
verse, with metric
ds2 = −dt2 + a2(t)
d∑
i=1
dx2i , (3.6)
where a(t) is the scale factor. The resulting equations of
motion are the Friedmann equation,
H2 =
16piGd+1
d(d− 1) ρ , (3.7)
where H is the Hubble parameter H ≡ a˙/a, and the
acceleration equation
a¨
a
= − 8piGd+1
d(d− 1) [(d− 2)ρ+ dP] . (3.8)
Here, ρ and P are the total energy density and pressure
(wrapped branes plus modulus field) respectively, and the
(d + 1)-dimensional Newton constant is given by Gd+1.
We will discuss the equation of motion for the modulus
field σ, momentarily.
Matter sources, obeying equation of state P = wρ,
will redshift in the expanding space as
ρ ∼ a−d(1+w) , (3.9)
so that wrapped p-branes with w = −p/d, satisfy
ρwrapping ∼ a−(d−p) , (3.10)
while the kinetic energy of the ϕ field obeys
ρϕ ∼ a−2d , (3.11)
Hence, kinetic energy always redshifts more rapidly than
other matter sources. With sufficient cosmic friction this
dissipation of the modulus kinetic energy can allow the
field to be placed gently into the shallow minimum of
its potential. Of course, if other matter sources are not
present in sufficient quantities, it is possible for ϕ to over-
shoot the minimum at ϕmin and to run off to infinity.
The authors of [9], explicitly showed that radiation can
be used to slow down the modulus and lower it into the
3minimum of the potential. While radiation redshifts as
1/a4, from (3.10) we see that string and brane winding
gases redshift much more slowly, as 1/a2 and 1/a, respec-
tively. This means that wall and string gases will be more
efficient in stabilizing the modulus field than radiation.
For radiation the scale factor evolves as a ∝ t1/2, whereas
for wrapped membranes, a ∝ t2 (see Eq. (6.21)). Thus,
the Hubble damping term in (3.12) will be more signifi-
cant for walls (and wrapped strings) than radiation.
In the following example we take d = 3. It is clear
from (2.1), that the field σ has a non-standard kinetic
term. For our purposes it is convenient to switch to a
canonically normalized field ϕ, with equation of motion
ϕ¨+ dHϕ˙+ V ′(ϕ) = 0 , (3.12)
where a prime denotes differentiation with respect to the
field ϕ. Specializing to d = 3, we achieve this by defin-
ing ϕ ≡
√
3/2 lnσ, yielding the canonical kinetic term
1
2 (∂ϕ)
2. In terms of the new variable ϕ, the potential
(2.3) then becomes
V (ϕ) = De−
√
6ϕ
+
1
2
ae−ae
√
2
3
ϕ−2
√
2
3
ϕ
(
Ae−ae
√
2
3
ϕ
(1 +
1
3
ae
√
2
3
ϕ)
+ W0
)
. (3.13)
We work with this potential for the balance of this pa-
per [42]. Because of this, if other sources are present
in the early Universe (even in small amounts) they will
quickly become dominant [9].
IV. COSMOLOGICAL EVOLUTION
In our scenario the Universe experiences several possi-
ble distinct epochs, depending on the initial relative en-
ergy densities of the matter sources. The earliest epoch
is potential energy dominated. The field initially has no
kinetic energy and begins falling, from rest, on a steep
part of the potential. The value of the potential is large,
and the Universe expands rapidly. In this regime, the
equations of motion may be approximated by
a˙ = a
√
2V
d(d− 1) ,
ϕ¨ + V ′(ϕ) = 0 , (4.14)
where we have set 8piGd+1 = 1. For the initial conditions
ϕ(t = 0) = ϕ0, and ϕ˙ = 0 the exact solutions are
a(t) = exp
1√
d(d− 1)
∫ ϕ
ϕ0
√
V (ϕ)dϕ√
V (ϕ0)− V (ϕ)
(4.15)
ϕ(t) =
∫ t
0
dt
√
2(V (ϕ0)− V (ϕ) . (4.16)
Taking the time derivative of (4.16), we see that if the
potential is steep, ϕ˙ can be quite large and, therefore,
the kinetic energy in the modulus can quickly become
the dominant energy component. Because of this, the
Universe rapidly becomes dominated by the kinetic en-
ergy of the field ϕ. During this epoch, the equations of
motion are approximated by
ϕ¨ + dHϕ˙ = 0
a˙ = a
√
ϕ˙2
d(d− 1) , (4.17)
which can be solved exactly for ϕ,
ϕ(t) − ϕ′ = ln
(√
d
(d− 1)(t− t
′)
)
, (4.18)
where ϕ′ and t′ are constants set by the initial conditions
at the beginning of the kinetic energy dominated phase.
¿From (4.18), it is clear that the modulus field will
grow large if there is nothing to stop it. However, when
brane winding modes are present, the kinetic energy,
which redshifts very quickly (as 1/a6), dissipates due
to the cosmic friction generated by the presence of the
string and wall gases. Assuming such sources exist in
sufficient quantities, the modulus field can now be fixed.
The Universe becomes dominated by the energy of the
brane sources and, depending on the relative initial den-
sities of strings and walls, several possibilities can arise.
If the initial energy densities of all matter components
are of comparable orders of magnitude then, when ki-
netic energy domination ends, if walls are present, they
will almost always dominate over the other components.
An interesting possibility (although requiring some fine
tuning) is the case in which all forms of energy densities
are allowed to dominate for a short time. Since this is
the most intricate possibility, we will examine such a case
numerically in the following section.
V. NUMERICAL RESULTS
For the numerical analysis we wish to solve (3.8) to-
gether with (3.12) and we take initial conditions subject
to the constraint equation (3.7) [43]. Throughout, we
work in units with M2Pl = (8piG)
−1 = 1, and focus on a
three-dimensional Universe (d = 3). In this case the pos-
sible winding branes are 2-branes and strings, for which
the total energy density and pressure are given by
ρ =
1
2
ϕ˙2 + V (ϕ) +
ρ
(0)
p2
a
+
ρ
(0)
p1
a2
(5.19)
P =
1
2
ϕ˙2 − V (ϕ) − 2
3
ρ
(0)
p2
a
− 1
3
ρ
(0)
p1
a2
, (5.20)
where ρ
(0)
p1 and ρ
(0)
p2 are the initial energy densities of the
wrapped strings and walls, respectively.
We will use the same parameters for the poten-
tial (3.13) as [9]. The parameters are: A = 1.0, a = 0.1,
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FIG. 2: The time evolution of the modulus field ϕ (solid
red line). The field becomes trapped in the minimum of the
potential at the value ϕmin = 7.065 (marked by the blue
dotted line).
D = 3 × 10−26, W0 = −2.96 × 1013. For these values
the potential has a true minimum at σmin = 320, or
ϕmin ≃ 7.065, with V (ϕmin) ≃ 6.35 × 10−35. The bar-
rier separating the minimum from asymptotic infinity is
located at ϕ ≃ 7.18 and has a height of 6.28× 10−34.
For initial conditions we take a0 = 1, ϕ0 = 3 and ϕ˙0 =
0. For the initial energy densities of string and 2-brane
winding matter we take ρ
(0)
p1 =
15
2 ρ
(0)
p2 = 5.20× 10−6M4Pl.
These initial conditions lead to a bound example, where
the brane and string sources are present in sufficient
quantities to trap the modulus field in the minimum of
the potential. We present an unbound case later.
A plot of the modulus field ϕ as a function of time is
given in Fig. (2). The relative energy densities ρi of the
moduli kinetic energy, potential, string and membrane
sources are plotted as functions of the scale factor a in
Fig. (3).
Initially the Universe is dominated by potential energy,
then modulus kinetic energy, followed by the string gas
and then the domain walls, which redshift most slowly, as
1/a. During wall domination the Universe inflates, since
a ∼ t2. Eventually, if the walls vanish, the Universe will
become potential dominated again. We will comment
more on this wall inflationary epoch in the next section.
As an example of an unbound case, we drastically dilute
the energy densities of our initial sources to ρ
(0)
p1 = ρ
(0)
p2 =
10−10M4Pl. All other parameters are left unchanged. The
resulting behavior of the modulus field and relative en-
ergy densities are plotted in Fig. (4).
VI. THE INFLATIONARY EPOCH
We have argued that, in the context of our scenario,
the Universe will inevitably become dominated by a gas
of wrapped membranes. In general, a gas of wrapped p-
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FIG. 3: Top: The early time evolution of the various energy
densities. The Universe starts out potential dominated (solid
purple line), then kinetic energy dominated (dotted green),
followed by string domination (dashed red) and finally wall
domination (alternating dash-dot blue). Bottom: Here we
zoom in to see better the transitions from potential, to kinetic,
to string and finally to wall domination.
branes in d-dimensions has equation of state parameter
w = −p/d (recall Eq. (3.5)). Using (3.7) and (3.8), we
see that his leads to scale factor evolution of the form
a(t) ∝ t2/(d−p) . (6.21)
Therefore, a gas of co-dimension-one branes (p = d − 1)
will naturally lead to power-law inflation with a(t) ∼ t2,
as long as the separation of the branes is much smaller
than the Hubble radius. The resulting accelerated expan-
sion will blow up the curvature radius of the branes (rela-
tive to the Hubble radius) and the inflationary period will
end. Hence, there is no graceful exit problem in this sce-
nario [10]. Specifically, when the correlation length of the
wall network ξ(t) is comparable to H−1(t) = [(d−p)/2]t,
the brane gas approximation breaks down, since the dis-
tribution of the branes averaged over a Hubble expansion
time becomes inhomogeneous, and the accelerated expan-
sion will end. One can then show that, if the the ratio
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FIG. 4: Top: Time evolution of the modulus field in the un-
bound case. The initial energy densities of strings and branes
are not sufficient to trap ϕ. The field rolls past the local min-
imum of the potential, marked by the dotted line. Bottom:
The early time evolution of the various energy densities for
this unbound case.
of the fundamental scale mf to the string scale ms is
sufficiently large, mf/ms ≥ 1012, it is possible to obtain
more than the 55-e-foldings required to solve the classic
problems of the standard Big-Bang model [10].
During inflation, the co-moving Hubble length H−1/a
is decreasing with time,
d
dt
H−1
a
< 0 . (6.22)
In our scenario, there are two periods of accelerated ex-
pansion (a¨ > 0). The first is during the potential dom-
inated phase (our initial state), during which the equa-
tions of motion are given by (4.14). This initial infla-
tionary period is quite short. The modulus field ϕ picks
up speed, the accelerating period ends, the co-moving
Hubble length increases and the Universe passes into the
kinetic energy dominated phase. The second phase of
accelerated expansion is substatially longer, and begins
during the wall dominated epoch [44]. This behavior of
the co-moving Hubble length is clearly seen in Fig. (5).
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FIG. 5: Behavior of the co-moving Hubble radius versus
time. The Universe accelerates when the slope of this curve
is negative.
Three difficult obstacles remain. The first is a gener-
alized domain wall problem. Since the membranes cause
the Universe to expand as a(t) ∝ t2, rather than like ra-
diation with a(t) ∝ t1/2, a wall dominated period would
drastically affect the abundance of light elements pro-
duced during nucleosynthesis. Besides this, if today even
one wall (with a tension ≥ the electroweak scale) were
present, it would overclose the Universe. Thus, a Uni-
verse containing walls must get rid of them eventually.
A second, possibly related problem, is how to reheat
the Universe after the wall dominated period, in order
to enter into a hot, radiation dominated Universe. Fi-
nally, it seems very unlikely that a wall accelerated Uni-
verse can produce the observed density fluctuations and
microwave anisotropies, since the scalar index for wall
inflation is given by
ns − 1 = − 2
α
, (6.23)
where α = 2/(d − p). Therefore, walls in d = 3 give
ns = 0 [10]. This deviates significantly from the observed
value (e.g., from WMAPext + 2dF) of ns = 0.97± 0.03
(68% confidence level) [14].
VII. DISCUSSION
We have shown that wrapped brane and/or string
gases in the early Universe provide an efficient mechanism
for resolving the cosmological moduli stabilization prob-
lem. Such an initial state seems quite natural in the con-
text of string theory and, in particular, may be relevant
to the Brane Gas picture of string cosmology [3]. While
some progress has been made in formulating the scenario
in the context of compactification manifolds compatible
with realistic particle physics [15, 16, 17], the Brane Gas
6picture may greatly benefit from the mechanism sug-
gested here [45].
In addition to the stabilization of moduli, we have pre-
sented a cosmological scenario that has an attractive way
of generating an inflationary epoch in the early Universe,
with a natural graceful exit mechanism. This phase of
accelerated expansion is generated by a gas of wrapped
membranes. However, as mentioned in the previous sec-
tion, this cosmological scenario suffers from three remain-
ing problems.
The first is the domain wall problem. The simplest
possible solution is to simply not include walls in the
picture in the first place. Such an initial condition is
compatible with the original Brandenberger-Vafa picture
presented in [31], in which the initial state of the Universe
contains only strings. This also seems to be a natural
starting point within the context of the Type IIB cor-
ner of the string moduli space, since the IIB theory does
not admit stable two-branes. Using only a gas of string
winding modes will suffice to stabilize the modulus field
by our mechanism. The only downside of this picture is
that a separate mechanism for inflating the Universe is
needed [46].
A second possibility is to have the walls decay at some
point after inflation. If the walls decay into radiation, this
would also provide our scenario with a reheating mecha-
nism (avoiding another obstacle). Several ways in which
this can happen are discussed in [10]. We briefly summa-
rize them here. One possibility is that the branes are sta-
bilized embedded branes, which decay once the temper-
ature of the plasma drops sufficiently [35, 36]. Another
possibility is that the branes collide with anti-branes and
annihilate, or if holes nucleate in the branes and expand
at the speed of light, disolving them [37]. Since this would
occur after inflation, there would be no causal obstruc-
tion to the local decay of sub-Hubble-volume brane net-
works. A final possibility was recently proposed by Sto-
jkovic, Freese and Starkman [38]. A sufficient abundance
of primordial black holes can perforate domain walls and
then the holes in the walls can grow and destroy the walls
altogether.
Another problem with our cosmological scenario is how
to generate a scale invariant spectrum of density pertur-
bations. This seems impossible to do within the context
of wall inflation without introducing some sort of new
physics.
Finally, we note that it is possible to obtain slow-roll
inflation once the potential begins to dominate (after the
walls are gone). One can tune the potential so that the
barrier is very flat at the top. An example of this is
provided using the imaginary component (the axion) of
the volume modulus ϕ [39]. A second condition required
to build a successful model, is that the initial conditions
would have to be tuned so that the wall and string wind-
ing gases place the modulus gently at the top of the bar-
rier. In such a model, the modulus itself could act as
the inflaton and generate a scale invariant spectrum. We
leave more detailed explorations of the above specula-
tions to future research projects.
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Note Added
As this work was being written up, we became aware
of related work, also almost completed. This work has
since appeared [40], and contains results which have some
overlap with those presented here.
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